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ABSTRACT
A high power InGaN superluminescent light-emitting diode emitting normal to the substrate is demonstrated. The device uses a structure in
which a monolithically integrated turning mirror reflects the light at both ends of the in-plane waveguide to direct amplified spontaneous
emission downward through the transparent GaN substrate. Record optical peak powers of >2 W (both outputs) are reported under pulsed
operation at 1% duty cycle. A broad, smooth emission spectrum with a FWHM of 6 nm centered at 416 nm is measured at peak output and
ascribed to very low feedback associated with the turning mirror and antireflection coating.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5118953
Superluminescent light-emitting diodes (SLEDs) combine different
aspects of LED and laser diode characteristics. Using a ridge structure,
light is amplified along the length of a waveguide, and by minimizing
the reflectivity of the end facets, light is allowed only a single pass of the
waveguide, preventing the formation of Fabry–Perot (FP) modes. The
optical gain mechanism of amplified spontaneous emission (ASE)
results in a high power, directional light source with a broad, smooth
emission spectrum. These unique properties have made SLEDs subject
to intensive research in the past few decades.1–5 SLEDs were introduced
for GaAs in 19736 using an absorbing rear facet to prevent reflections at
that interface and suppress the formation of FP modes. All SLED geom-
etries eventually result in breakdown to lasing at high currents due to
parasitic feedback limiting the spectral quality of the emission. The first
InGaN based blue-emitting SLED was demonstrated in 20091 using
angled waveguides with respect to the emitting facets. A wide range of
strategies have been employed in an attempt to reduce feedback to the
waveguide by roughened etched facets,4 passive absorbing regions,2 and
bent waveguide structures. The first CW operation of GaN-based
SLEDs has been recently reported,3 with record optical powers of over
450 mW,7 spectral bandwidths >10nm (70meV),8 and external quan-
tum efficiencies of 20% in CW operation.7 The unique SLED charac-
teristics of beamed power and low temporal coherence combined with a
short wavelength have seen them proposed as sources for picoprojec-
tion,9 high resolution optical coherence tomography,8 microdisplay
applications,10 and smart solid state lighting.7,11 They have also been
suggested as potential sources for visible light communications12 due to
the reported high modulation bandwidth.
All SLEDs reported to date have been edge-emitting devices. In
this paper, we present surface-emitting SLEDs. The devices use mono-
lithically integrated turning mirrors at both ends of a waveguide to
direct the light downward through the transparent substrate. The
surface-emitting geometry provides significant advantages by allowing
on-wafer testing of the devices prior to packaging, which could signifi-
cantly reduce production costs. The light exits the chip through the
substrate and not through the active waveguide, thereby reducing
the risk of catastrophic optical damage. Furthermore, we find that the
antireflection coated substrate in conjunction with the turning mirrors
is very effective in preventing feedback into the waveguide suppressing
the formation of FP modes. In the blue-emitting devices reported here,
superluminescence takes place at a current density of 10 kA cm2.
The peak optical power of these devices was a record value of 2.2 W at
room temperature under pulsed operation. This peak power was
measured at a driving current of 1.5 A with 220 ns wide pulses.
The devices were fabricated on low defect density freestanding n-
type GaN substrates with the epitaxial layers grown by metal organic
vapor phase epitaxy. The structure consisted of a standard laser wave-
guide composed of a 1 lm thick n-type AlGaN bottom cladding layer,
an active region of two InGaN quantum wells (QWs) separated by
GaN barriers, an Mg-doped Al0.2Ga0.98N electron blocking layer, a
100 nm thick p-type GaN waveguide layer, and a 500nm thick p-type
AlGaN cladding layer. The structure is completed with a heavily
p-doped GaN cap layer. 3 lm wide ridge waveguides with a gain
length of 1mm were formed by etching to the top of the active region.
Two 45 angled facets, which act as total internal reflection turning
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mirrors, are etched to a depth of 1.9 lm and create the substrate-
emitting devices. The transparent GaN substrate is polished to mini-
mize scattering of the beam. A SiO2 antireflective (AR) coating was
applied to the bottom surface of the wafer to both improve the light
extraction and further decrease feedback (Fig. 1).
Amplification of light in a SLED is obtained over the course of a
single pass along the waveguide rather than multiple roundtrips as is
the case with a laser. The output power is then dependent on the
modal gain, Cg(I, k), where C is the mode optical confinement factor
and g(I, k) is the material gain. I and k are the current and wavelength,
respectively. The threshold for superluminescence is when Cg(I, k)
> a, where a is the intrinsic waveguide loss. The output power, Po,
from a single SLED output can then be expressed by
PO Ið Þ ¼
A
Cg I; kð Þ  a
  e Cg I; kð Það ÞL; (1)
where A is related to the amount of spontaneously generated photons
that are coupled into the waveguide and L is the length of the waveguide.
Figure 2 shows the light-current-voltage characteristics taken
under pulsed operation along with the theoretical gain curve. 220 ns
long pulses with a 1% duty cycle were used to reduce the effects of
Joule heating. The optical power of the device was measured by plac-
ing a calibrated photodetector directly underneath the device to collect
light from both output apertures. The peak power was calculated by
dividing by the duty cycle. A superlinear increase in the output power
is measured above 300 mA corresponding to a current density of
10 kA cm2. A maximum total output peak power of 2.2 W is mea-
sured after the application of the AR coating at a driving current of
1.5A (50 kA cm2), which is the limitation of the equipment. The
operating voltage of the device is between 6 V and 7 V. The external
quantum efficiency (EQE) of the device at maximum power is 49%.
The devices were not observed to degrade under these conditions
testament to the quality of the low defect density substrate.
The gain curve of the device was extracted by fitting the light–
current (L-I) characteristic with Eq. (1). The simulated gain curve
shows that it is not saturated at 1.5 A, suggesting that higher optical
powers could be achieved at higher currents. We can deduce from the
point where superluminescence begins that the waveguide loss is
approximately 25 cm1. The peak optical powers provided by this
device are far higher than has been previously reported.7 The explana-
tion for these high powers are that most edge-emitting SLEDs use an
absorbing back facet to limit feedback, while our devices emit from
both ends of the waveguide, providing a significant boost to the optical
power output. Figure 3 shows the intensity of the emission in the far
field. This was measured by placing a scattering polymer film on glass
1 cm from the device and imaging this surface onto a CCD camera.
The two intensity peaks correspond to the two turning mirrors. The
asymmetry in the intensities at either side is due to a longer passive
absorbing region at one end of the device than the other. The far field
divergence of 7  15 for a single output can be extracted from this
image. The divergence angles refer to the full width at half maximum
(FWHM) of intensity vs angle for the individual peaks. The higher
divergence in the longitudinal direction is due to tight mode confine-
ment in the transverse waveguide.
The electroluminescence spectra of the device under pulsed oper-
ation are shown in Fig. 4, where Fig. 4(a) shows the spectra for differ-
ent currents measured before the AR coating was deposited while
Fig. 4(b) shows the spectra measured after the deposition. The spectra
were measured on an optical spectrum analyzer with a resolution of
0.2 nm. At currents less than 300 mA, a broad spectrum with a
FWHM of 26nm is measured. At 300 mA, the ASE peak begins
to emerge and the spectrum narrows to a FWHM of 6nm (41meV).
FIG. 1. Schematic of blue surface emitting LED. The sloped waveguide ends divert
light downward through the transparent substrate.
FIG. 2. Light–current-voltage characteristics of blue SLED under pulsed operation.
Superluminescence is observed above 300 mA. Peak optical powers >2 W are
measured. The operating voltage of the device is between 6 and 7 V. Also shown is
the extracted gain as a function of current.
FIG. 3. Far field image of blue SLED at 500 mA. The divergence from a single out-
put is measured to be 7  15.
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Up to the maximum driving current of 1.5 A, the device maintains
this relatively broad, smooth spectrum with a low spectral modulation
depth. The device is free from parasitic lasing, which limits the spectral
quality of edge emitting SLEDs. The need of the AR coating for robust
SLED action is evident in Fig. 4(a), which shows that the device begins
to lase at 700 mA without AR coating. The AR coating also appears to
boost the amount of spontaneous emission (SE) which is extracted
due to less light being lost in the chip by total internal reflection. As
the device does not rely on absorbing regions to suppress feedback,
lasing can be suppressed even when the optical power is very high.
This suggests that the turning mirrors along with an AR coating on
the substrate are extremely effective in preventing feedback in the
waveguide. Figure 5 shows the spectrum of the device at maximum
power on a linear scale. This shows the ASE peak as the dominant
contribution to the total power. This confirms that most of the power
generated in the device is directional, which should allow for better
coupling into fiber based systems.
Figure 6 shows the spontaneous emission (SE) spectra, peak
wavelength, and integrated intensity with increasing current under
pulsed operation and collected from the top side of the chip to mini-
mize collection of ASE. A polarizer was used to eliminate the collec-
tion of any amplified light. It is notable that the spontaneous
emission intensity is not saturated even at very high current density
(50 kA cm2 at 1.5 A), thereby indicating that there is increasing gain
at this current density. The initial blueshift of the peak wavelength is
attributed to the screening of the inbuilt piezoelectric field by carriers
in the QWs, thereby reducing the effects of the quantum confined
Stark effect. A redshift of the peak spontaneous emission from
405 nm to 410nm at higher current densities is attributed to device
heating. Using the Varshni equation, Eg¼Eg(0) aT2/(bþT), where
a and b are the material constants, Eg is the bandgap energy, and
FIG. 4. Electroluminescence spectra of a blue SLED; (a) shows the spectra before
antireflection coating was applied and (b) shows the spectrum after an antireflection
coating had been deposited on the polished substrate.
FIG. 5. Spectrum from blue SLED at 1.5 A. The peak wavelength is centered at
416 nm and the FWHM is 6 nm.
FIG. 6. (a) Evolution of the spontaneous emission spectra with current and (b) inte-
grated spontaneous emission intensity and peak wavelength of the spontaneous
emission. The spontaneous emission intensity does not saturate over the range of
currents measured.
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Eg(0) is the bandgap energy at 0K. By using the material constants for
bulk GaN (a ¼ 1.29 103 eV/K and b ¼ 1280K)13 a temperature
increase in 110K is calculated for the active region between threshold
for superluminescence (300 mA) and the maximum current (1.5 A).
The carrier temperature was extracted by measuring the derivative of
the log of the intensity against energy on the high energy side of the
spontaneous emission spectra.14 An increase in the carrier tempera-
ture of 100K between threshold and maximum power is calculated
and is in agreement with the calculated spectral shift.
Figure 7 shows the ASE spectrum where the optical peak power
decreases and the peak wavelength redshifts with increasing pulse
lengths as the device performance degrades due to heating. The devices
reported here were measured on-wafer with no external heat manage-
ment. Improved thermal management may allow for CW operation
and longer pulse lengths at high currents.
We noted that the spontaneous emission spectrum of these
devices continues to increase at high current density. The carrier
density is expected to clamp as ASE becomes the dominant recom-
bination mechanism and the carrier radiative lifetime is greatly
reduced. As the output power is linearly dependent on the sponta-
neous emission rate, increasing spontaneous emission at high cur-
rent density is beneficial. The distribution of photon density, q(z),
along the length, z, of a SLED waveguide can be expressed as q(z)
¼ A{exp[(g  a)]z þ exp[(g  a) (L  z)]}/(c/n)(g  a), where c is
the speed of light, n is the group refractive index, and A is the rate
of spontaneous emission coupled into the waveguide.15 This shows
a nonuniform distribution of photons across the device above
threshold as shown in Fig. 8(a). By integrating the balance equa-
tion for photons and carriers,16 N(z) ¼ {J/q cg[q(z)]}sspon/w,
where J is the current density, w is the waveguide width, q is the
electron charge, d is the active region thickness, and sspon is the
spontaneous emission lifetime; the distribution of carrier density
N along the length of the device is shown to be nonuniform. The
higher photon density near the ends of the device increases the
rate of ASE in these regions. The carrier lifetime in these regions is
shorter than the spontaneous emission lifetime. As photon density
is lower in the center of the waveguide, fewer carriers recombine
by ASE, allowing for increasing spontaneous emission in these
areas. Using the relation Rsp/N2, the rate of spontaneous
emission along the length of the device was calculated. Integrating
the calculated spontaneous emission curves shows good agreement
with the increase in the intensity of the spontaneous emission that
was measured. As the current increases, the carrier density and by
extension spontaneous emission rate are seen to clamp first at the
ends of the waveguide and then progressively toward the center
until the spontaneous emission rate has saturated across the entire
device. Figure 8 shows the results of these simulations and the
comparison with experimental results.
In summary, a surface emitting blue SLED is demonstrated with
integrated turning mirrors used to direct amplified light through the
substrate. A record peak optical power under the pulsed operation of
2.2 W at a 1.5 A driving current provides an external quantum effi-
ciency of 49%. Modeling of the photon density and spontaneous emis-
sion across the ridge of the device shows that higher powers are
possible at higher current densities due to increasing spontaneous
emission in the center of the ridge. The combination of monolithically
integrated turning mirrors and antireflection coatings is effective in
reducing feedback and eliminating parasitic lasing. A broad, smooth
spectrum with a FWHM of 6nm centered at 416nm is achieved at the
maximum recorded power. The surface emitting structure provides
potential for integration of further functionality onto the back side of
the device increasing its potential for fiber based systems and displays.
The authors would like to acknowledge funding from Enterprise
Ireland and the European Structural and Investment Funds 2014–2020
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